Temperature-enthalpy curves of ferrous multi-component commercial alloys of S45C steel, SUS304 stainless steel and FC200 cast iron were calculated based on the thermodynamic calculation using the ThermoCalc for both an equilibrium state and non-equilibrium state with no diffusion in solid. The heat transfer simulations during the solidification of the alloys based on the enthalpy method were carried out using the calculated temperature-enthalpy curves. Thermal analysis experiment of the alloys under a furnace cooling condition was carried out and measured cooling curves were compared with simulated ones. The simulated cooling curves of S45C carbon steel and SUS304 stainless steel obtained with the non-equilibrium condition showed similar shapes to the experimentally measured ones. Phase transformation kinetics during the eutectic solidification of FC200 cast iron was taken into account for calculating the temperature-enthalpy curve of FC200 cast iron and simulated cooling curve showed similar shape to measured cooling curve.
Introduction
At the present day, heat transfer simulation in the solidification process of a casting is commonly carried out prior to the real casting operation to predict the formation of casting defects such as shrinkage cavities, pipes and microporosities. Recently, various kinds of models have been developed for simulating the evolution of micro and macrostructures of castings during solidification. [1] [2] [3] [4] [5] [6] [7] In those models, the heat transfer calculation is usually combined and the accurate temperature field in a target casting must be re-created for the prediction of solidified structure formation of the castings. Hence, the heat transfer calculation is fundamental for all solidification simulation.
In order to simulate the temperature field in a solidifying alloy casting, thermal properties of an alloy such as thermal conductivity, density and specific heat are required. Furthermore, a feature of the heat transfer calculation involving solidification is the evolution of latent heat and alloy properties such as the value of latent heat per unit mass, liquidus and solidus temperatures and solidification path, especially the change in fraction solid are required. In binary alloy systems, these properties can be obtained from the published phase diagram, however, most commercial alloys are multi-component systems, and determination of accurate alloy properties is difficult. Furthermore, there are few published data on the latent heat of commercial multi-component alloys.
Several techniques are used to incorporate the latent heat evolution into the heat transfer calculation of a solidifying alloy; i.e., a) temperature recovery method, [8] [9] [10] b) equivalent specific heat method [10] [11] [12] and c) enthalpy method. 10, [13] [14] [15] Among those techniques, the enthalpy method is advantageous for multi-component alloys because the features of an alloy such as specific heat, liquidus and solidus temperatures, change in fraction solid during solidification, and evolution of latent heat are totally involved in the temperature-enthalpy relationship of the alloys. The authors showed a method to apply thermodynamic analysis using ThermoCalc 16) to the calculation of the temperatureenthalpy relationship of an aluminum-base multi-component alloy. 17) In this study, we have examined the applicability of thermodynamic analysis to the calculation of the temperatureenthalpy curves of ferrous multi-component alloys. The temperature-enthalpy curves of ferrous multi-component alloys were calculated by using the ThermoCalc. Heat transfer simulations for the solidification process of these alloys under a furnace cooling condition were carried out based on the enthalpy method using the calculated temperature-enthalpy curves. Calculated cooling curves were compared with measured ones and the validity of the analysis was examined.
Method

Ferrous Multi-component Alloys
Iron base ferrous alloys of S45C and SUS304 stainless steels and FC200 cast iron were used for the present study. Nominal compositions of the alloys are shown in Table 1 . These alloys contain many alloying and impurity elements, and it is difficult to carry out the thermodynamic calcula-tion with considering all contained elements. Since the most impurity element have lower concentration and may have negligible effects on the solidification. Therefore, alloys having the alloying elements were used for the analysis and their compositions are shown in Table 2 .
Calculation of Temperature-Enthalpy Curves of
the Ferrous Multi-component Alloys Temperature-enthalpy curves of the multi-component alloys for an equilibrium condition and non-equilibrium condition were calculated by using the Thermo-Calc. In the present paper, the word 'non-equilibrium condition' is used for the Scheil model.
18) The Scheil model is based on the following assumptions: 1) no diffusion in solid, 2) complete mixing in liquid and 3) local equilibrium at the solid-liquid interface. On the other hand, the word 'equilibrium condition' is used for the following conditions: 1) complete diffusion in solid, 2) complete mixing in liquid, and 3) equilibrium in the entire solid and liquid regions. The ThermoCalc has a Scheil module which can calculate the solidification path, i.e., the change in the fraction of each phase along with temperature fall, under the condition of the Scheil model.
For the calculation of a temperature-enthalpy curve, the Thermo-Calc has a function for calculating the temperature-enthalpy curve of an alloy for an equilibrium condition. However, the Thermo-calc can not calculate the temperature-enthalpy curve of an alloy for a non-equilibrium condition. Hence we originally calculate the temperatureenthalpy curves of alloys with the Scheil condition based on the thermodynamic data calculated by the Thermo-Calc. Figure 1 shows schematic illustration of the solid-liquid coexisting zone of a multi-component alloy. Many phases having different values of latent heat and specific heat grow during solidification. The procedure for calculating the temperature-enthalpy curve under the non-equilibrium condition is as follows: 1) Temperature is lowered by a small degree of DT from the starting temperature. 2) Change in the fraction solid, Df s (i) of each phase which exists at the corresponding temperature, and change in the concentration of each element in the liquid, DC L(i) , is calculated under condition that those changes occur with an equilibrium manner.
3) Based on the assumption of no solid diffusion in solid, the solidified part is no longer concerned with the solidification process and is abandoned, and a new liquid composition is adopted as the initial composition. 4) This procedure is repeated until the sum of Df s reaches unity. 5) Simultaneously, the enthalpy per mol of each phase H i at each temperature was calculated. The enthalpy of the multi-component alloy at each temperature was calculated by proportioning the enthalpies of phases based on the fraction of each phase calculated by the procedure described above. (1) where n is the number of phases exist at T (K), f si is the fraction solid of the phase i at T (K). SGTE solution database and FE1 database were used for the calculation of iron base alloys.
Heat Transfer Simulation Based on the Enthalpy
Method A specimen set in a crucible with a cylindrical shape of 30 mm in inner diameter, 40 mm in outer diameter and 100 mm in height was used for the simulation. This condition is same as the experimental condition which will be described at 2.4. The basic heat conduction equation with enthalpy form is expressed as follows:
where H is enthalpy (J/mol), t is time (s), l is thermal conductivity (W/(m · s)), r is density (kg/m )), R is outer radius of the crucible. Thermophysical properties used in the simulation are shown in Table 3 .
In order to solve Eqs. (2) to (5) numerically by using a finite difference method, the longitudinal cross section of the specimen and crucible was divided into rectangular grids with 0.25 mm on the r-and z-coordinates as shown in Fig.  2 . Since the shape of the casting is axial-symmetric, a half of the cross section was divided. Figure 3 shows a schematic illustration of the temperature-enthalpy curve of an alloy. Enthalpy method has following advantages: 1) slopes of the curve in solid and liquid regions correspond to the specific heat of solid and liquid, respectively. 2) change in the curve between liquidus and solidus temperatures reflects the change in the fraction solid for each phase and evolution of latent heat due to the phase transformation of each phase. Accordingly, all properties required for carrying out the solidification heat transfer simulation were involved in the temperature-enthalpy curve except for density and thermal conductivity.
The change in enthalpy of grids at each time step was numerically calculated from the Eqs. (2) to (5), and the new enthalpy value H tϩDt was converted into new temperature T tϩDt by using the temperature-enthalpy relationship.
Experiment
An alloy specimen of 100 g in mass was melted in an alumina crucible with a cylindrical shape of 30 mm in inner diameter, 40 mm in outer diameter and 100 mm in height using an electric furnace. The melted specimen was kept for 30 min at certain temperature, and then the specimen was cooled in the furnace with cooling rate of 250 K/h. Temperature at a half of the height in the center of the specimen was measured by a B type (Pt6%Rh-Pt30%Rh) thermocouple. Solidified specimen was cut parallel to the thermocouples and the specimen was polished and then etched with an acid reagent. The macrostructure of the specimen was metallographically examined. Figure 4 shows calculated temperature-enthalpy curves of the S45C carbon steel for equilibrium and non-equilibrium conditions, respectively. Fe-C system exhibits stable Fe-C system and meta-stable Fe-cementite system. The temperature-enthalpy curves shown in the Fig. 4 were calculated with the condition of the meta-stable Fe-cementite system. In the equilibrium condition (Fig. 4(a) ), solidification starts with the formation of b.c.c phase (d phase) in liquid, and followed by three phase co-exist region of (liquidϩb.c.c.ϩf.c.c) and finally one phase of f.c.c (g phase) exists. On the other hand, solidification temperature range is extended and three phase region of (liquidϩf.c.cϩce-mentite) emerges in the temperature-enthalpy curve of nonequilibrium condition (Fig. 4(b) ). Figure 5 shows measured ( Fig. 5(a) ) and simulated ( Fig.  5(b) ) equilibrium, Fig. 5 (c) Scheil model) cooling curves of the S45C carbon steel specimen. In the Fig. 5 , simulated cooling curves are similar to the measured cooling curve. However, it seems that the simulated cooling curve using Scheil model (Fig. 5(c) ) is more similar to the measured one ( Fig. 5(a) ). In the calculation for the temperature-enthalpy curves of the S45C steel, two alloying elements of carbon and manganese were taken into account as shown in the Table 2 . Carbon is an interstitial element in iron and has high diffusivity in solid iron. On the other hand, manganese is a substitutional element and has low diffusivity in solid iron. The effect of manganese on the solidification behavior may be larger than that of carbon. In case of a binary Fe-C alloy, the equilibrium model may be more suitable than the Scheil model.
Results and Discussion
S45C Carbon Steel
© 2009 ISIJ Table 3 . Thermophysical properties used in the simulation. Figure 6 shows calculated temperature-enthalpy curves of the SUS304 stainless steel for equilibrium and non-equilibrium conditions, respectively. In the temperature-enthalpy curve of the equilibrium condition ( Fig. 6(a) ), the solidification temperature range is relatively narrow, while in the temperature-enthalpy curve of non-equilibrium model (Fig. 6(b) ), the solidification temperature range is extended to relatively lower temperature region, and "F.C.C.ϩ B.C.C.ϩLiquid" region is observed. Figure 7(a) shows the measured cooling curve of the SUS304 stainless steel specimen. Figures 7(b) and 7(c) show the simulated cooling curves for the equilibrium and non-equilibrium (Scheil) conditions. In the calculation of the temperature-enthalpy curve, three alloying elements of manganese, nickel and chromium were taken into account as shown in the Table 2. All the elements are substitutional elements and have low diffusivity in solid iron in comparison with interstitial element such as carbon. The case shown in the Fig. 7 , the simulated cooling curve of the Scheil model (Fig. 7(c) ) is more similar to the experimentally measured cooling curve (Fig. 7 (a) ).
SUS304 Stainless Steel
It should be noted that limited diffusion in solid occurs in a casting during conventional casting condition. Hence, real solidification condition must be located between two extreme conditions of equilibrium and the Scheil model. However, from the viewpoint of an engineering application, the use of the temperature-enthalpy curves of the Scheil model is effective for obtaining temperature field in a solidifying casting under conventional casting condition. Figure 8 shows measured cooling curve during the solidification of FC200 cast iron specimen. Two phase transformation points were observed as indicated by arrows in the Fig. 8 . As stated in 3.1, Fe-C system exhibits two manners of sable Fe-C system and meta-stable Fe-cementite system. The selection of the system depends on both adding elements and cooling rate. To confirm the crystallized phases, microstructure of the solidified FC200 specimen was examined by a laser microscope. Figure 9 shows observed microstructure of the solidified FC200 cast iron specimen. A eutectic structure composed of a solid solution phase and graphite is observed between coarse primary phases. Hence, we have judged that the FC200 cast iron specimen solidified according to the stable Fe-C system. Figure 10 shows calculated temperature-enthalpy curve based on the stable Fe-C-Si-Mn system for equilibrium condition. It is shown in the Fig. 10 that F.C.C. phase (g) crystallized as the primary phase and then narrow eutectic temperature range of (LiquidϩF.C.CϩGraphite) is followed. Figure 11(a) shows simulated cooling curve of the FC200 cast iron by using the temperature-enthalpy curve shown in the Fig. 10 . In the simulated cooling curve, sharp temperature drop is observed at the end of the temperature arrest due to eutectic reaction. On the other hand, temperature gradually decreases at the end of the eutectic reaction in the measured cooling curve shown in the Fig. 8 . Heat transfer simulation using the temperature-enthalpy curve calculated with Scheil model showed almost same cooling curve as that in the Fig. 11(a) . This result is reasonable because the amount of primary F.C.C. phase of the FC200 cast iron is relatively small, hence the effect of microsegregation is small. Figure 11 (b) shows schematic illustration of the supposed solidification process of the FC200 cast iron specimen. First, primary F.C.C phases (g phase) grow in the melt, and then nucleation of graphite occurs and eutectic cells (gϩGraphite) start to grow. The growth of the eutectic cells is controlled by the diffusion of carbon through austenite. The rate of heat evolution during the eutectic reaction is controlled by the diffusion limited transformation of the eutectic cell. Therefore, transformation kinetics must be taken into account in the simulation model to reproduce the measured cooling curve of the FC200 cast iron. Some researchers pointed out that the consideration of the phase transformation kinetics is necessary to simulate the cooling curves in solidifying alloys. [19] [20] [21] [22] [23] In the present study, the temperature-enthalpy curve was modified based on the phase transformation kinetics.
FC200 Cast Iron
Simulated Cooling Curve
Introduction of Transformation Kinetics
Kolgomorov-Jhonson-Mehl-Avrami (KJMA) equation was adopted as the equation described the transformation rate of the eutectic cell.
................ (6) where, X(t) is transformation rate, N is nucleation rate, G is growth rate of the eutectic cell, t is time. Time t in the Eq. (7) where, DT is eutectic temperature range, CR is average cooling rate of the specimen, Dt is elapsed time from the start of the eutectic solidification. The values of the nucleation rate N and the growth rate G were adopted from the values used by Stefanescu et al. 19) A part of the eutectic solidification in the temperature-enthalpy curve shown in the Fig. 10 is modified by using following equation.
where, H S is the enthalpy of the FC200 cast iron at the start of the eutectic reaction, H E is the enthalpy at the end of the eutectic reaction, respectively. Figure 13 (a) shows modified temperature-enthalpy curve of the FC200 cast iron and Fig. 13(b) shows simulated cooling curve of the FC200 cast iron specimen. The shape of the cooling curve shown in the Fig. 13(b) is more similar to the measured cooling curve shown in the Fig. 8 in comparison with the cooling curve of Fig. 11(a) .
Present method can produce an accurate temperature field in a solidifying multi-component alloy if reliable thermo-dynamic database can be obtained. The application of the present method to the simulations for predicting so- lidified structure formation of multi-component alloys will be effective.
Conclusion
Computational thermo-dynamics using the Thermo-Calc software was used to calculate the temperature-enthalpy curves of iron base multi-component commercial alloys. The heat transfer simulations based on the enthalpy method during the solidification of the multi-component alloys with furnace cooling condition were carried out using the calculated temperature-enthalpy curves. The simulated cooling curves of the multi-component alloys were similar to the measured cooling curves and demonstrated the effectiveness of the present method.
